In three species of birds that migrate long distances, the annual rhythms of gonadal activity, molt, and migratory restlessness ( Zugunruhe ) persist for more than 1 year under certain constant conditions. The most important zeitgeber for these circannual rhythms is the annual cycle of photoperiod, which adjusts the overall period of circannual rhythms to exactly 1 year and also provides for the appropriate adjustment of seasonal activities to the temporal structure of the environment. This is illustrated by results on garden warblers ( Sylvia borin ) indicating that the longer photoperiods experienced by individuals wintering far south in the African wintering area phase-advance spring migration and the accompanying gonadal development, relative to those of individuals wintering further north. The rate of acceleration is, however, slow enough to prevent a reproductive cycle during the Southern Hemisphere summer. Hence, endogenous circannual components and zeitgeber stimuli constitute a functional entity that provides as a whole for adaptive temporal programming. This idea is further supported by findings in the pied flycatcher ( Ficedula hypoleuca ), in which a circannual rhythmicity persists only if photoperiod in winter is at least as short as that normally encountered by the species in its wintering grounds slightly north of the equator. In collared flycatchers ( Ficedula albicollis ), in contrast, rhythmicity continues under much longer photoperiods, consistent with the fact that the wintering area of this species extends to latitudes far south of the equator. It is proposed that the adaptive function of circannual rhythms can be properly understood only if their interactions with environmental factors, particularly those that play a role as zeitgebers, are analyzed in sufficient detail. The biological significance of circannual rhythms may be more apparent in the context of the environmental constraints limiting their expression than in the often rather restricted set of conditions sustaining spontaneous annual cyclicity. For many years, research on the control of annual cycles in plants and animals has been based on the premise that annual biological rhythms are directly driven by seasonal cycles of environmental factors such as temperature or photoperiod. In particular, the studies on photoperiodic effects carried out with numerous organisms since the initial discoveries of photoperiodism in the late 1920s and early 1930s seemed to indicate that environmental changes in daylength provide both necessary and sufficient stimuli to drive annual biological cycles such as those of reproduction, molt, and migration (for recent reviews, see, e.g., Farner and Follett, 1979; Hoffmann, 1981; Saunders, 1981; Stetson, 1988 ). This general view was supported by studies in which seasonal cycles of organisms could be quantitatively predicted on
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Although this concept was questioned by several of the early researchers in the field (e.g., Sperlich, 1919; Rowan, 1926; Chapin, 1932; Bunning, 1956; Marshall, 1960a, b) , it was not before the late 1950s that intense research aimed at understanding the endogenous components of annual biological rhythms set in. This new emphasis was prompted, at least in part, by the new conceptual framework developed by Aschoff (1955) in his comprehensive review article &dquo;Jahresperiodik der Fortpflanzung bei Warmblütern&dquo; (&dquo;Annual Rhythms of Reproduction in Homeotherms&dquo;). Based on the general oscillator model developed during that time by himself (e.g., 1960) and Pittendrigh (e.g., 1960 ) for circadian rhythms, Aschoff proposed in this paper to treat the annual photoperiodic cycle as a zeitgeber that synchronizes endogenous circannual rhythms, rather than as a factor directly causing seasonal biological cycles. Subsequent research showed that many particularities of both photoperiodic actions and spontaneous seasonal changes could indeed be well interpreted and, to some extent, better understood than before on the basis of this general model (see Aschoff, 1980; Gwinner, 1986a , for reviews). The new research activities culminated in the first rigorous demonstration by Pengelley and Fisher (1963) of a circannual rhythm in golden-mantled ground squirrels.
Today, circannual rhythms have been demonstrated in more than 40 species of organisms from a variety of different taxonomic groups (see Gwinner, 1986a , for a review), and the biological significance of some of these endogenous timing mechanisms is no longer questioned. Nevertheless, the merits of the concept of circannual rhythms are still not generally appreciated, and the implications of the model have not yet been worked out in sufficient detail. Sometimes it is still misinterpreted as being an exclusive alternative to the concept of control by exogenous stimuli. It is clear, however, that like circadian rhythms (e.g., Aschoff, 1967 Aschoff, , 1980 Pittendrigh, 1974 Pittendrigh, , 1981 , circannual rhythms can fulfill their biological function only through interactions with environmental factors, particularly those that play a role as zeitgebers. Hence, they must be seen as mechanisms that are adjusted to and, in a sense, even dependent upon the external conditions normally experienced by a particular organism. In the present paper, this aspect of endogenous/exogenous interaction is illustrated by examples from three species of migratory birds (garden warbler, Sylvia borin; collared flycatcher, Ficedula albicollis; pied flycatcher, F. hypoleuca) in which a complex sequence of seasonal activities depends-in a species-specific man-ner~n the proper interactions between endogenous and exogenous timing cues.
CIRCANNUAL RHYTHMS: ENDOGENOUS PATTERNS AND

SPECIES SPECIFICITY
Migratory birds that breed in higher latitudes but spend the winter in equatorial regions, where seasonal environmental changes are often minor and unreliable, have long been suspected to depend on endogenous timing factors for the control of migration and other activities (e.g., von Pemau, 1702; Rowan, 1926) . Research on several species of warblers has corroborated this hypothesis (Gwinner, 1986a, b; Berthold, in press ). An example is provided by the performance of the garden warbler, a species that breeds in central Europe but spends the winter in tropical and southern Africa (Fig. 1, left) . Free-living garden warblers go through a cycle of gonadal growth and regression during the reproductive season in spring and early summer (Fig. 2 , upper panel). Subsequently a partial body molt is carried out, and then the birds leave for their nocturnal migration to central and southern Africa. There they molt again (this time shedding the entire plumage) and then return to their breeding grounds, once again migrating at night. Figure 2 (lower panel) shows that this characteristic pattern-testicular activity, molt, and nocturnal activity that reflects the bird's tendency for nocturnal migration (Zugunruhe)-persists even in a garden warbler held in conditions of constant photoperiod and temperature. The interval between successive corresponding events (e.g., testicular maxima or prenuptial molt) is shorter than 1 year, thus attesting to the truly endogenous nature of these rhythms. In the garden warbler, free-running circannual rhythms of this type have been shown in many individuals (Berthold et al. 1972a, b; Gwinner, 1981) . They may persist for more than 10 cycles (Berthold, 1978) .
Like the garden warbler, the pied and collared flycatchers are nocturnal migrants that spend the winter in tropical and southern Africa (Fig. 1 , middle, right). Correspondingly, their annual cycles of gonadal function, molt, and migratory disposition are also under the control of a circannual rhythmicity that persists for several cycles in constant environmental conditions (Gwinner and Schwabl-Benzinger, 1982) . Figure 3 shows the pattern of seasonal activities in birds of both species held for more than 1 year in a constant 12-hr photoperiod. All birds molted following completion of fall Zugunruhe and subsequently started a testicular cycle FIGURE 1. Breeding (///11) and wintering (BBBBB) distribution of the garden warbler (Sylvia borin, left), the collared flycatcher (Ficedula albicollis, middle), and the pied flycatcher (F. hypoleuca, right). Adapted from Moreau (1972) . (LD 11:11) , and constant temperature (20° ± 2°C) conditions. Adapted from Gwinner (1981 and unpublished results). associated with the development of spring Zugunruhe. Both testicular growth and Zugunruhe started earlier in the collared flycatcher than in the pied flycatcher. This may reflect a species-specific difference in timing of these activities. The collared flycatcher has a more southerly wintering area and, consequently, a longer distance to cover on its spring migration ( Fig. 1 , middle, right). It is conceivable that it makes up for this longer migratory route by an earlier onset of homeward migration, preceded by an earlier termination of molt. Other examples suggesting that differences in circannual programming may be the basis for species differences in seasonal patterns have been summarized elsewhere (Gwinner, 1986a) .
The deviation of circannual rhythms in constant conditions from a period of exactly 12 months implies that they are normally synchronized to exactly 1 year by environmental factors. There is ample evidence in birds, as in many other organisms, that the annual cycle of photoperiod provides the most significant circannual zeitgeber (Aschoff, 1955 (Aschoff, , 1980 Gwinner, 1977 Gwinner, , 1986a . The example in Figure 4 shows that the circannual rhythms of testicular size, Zugunruhe, and molt of garden warblers can be synchronized to sinusoidal photoperiodic cycles with periods of either 12 or 6 months. Investigations in warblers and several other species have shown that in the synchronized state, circannual rhythms behave in many respects as predicted by general oscillator theory (e.g., with regard to range of entrainment, phase relationship to the zeitgeber cycle, etc.), thus attesting to the usefulness of the general oscillator model for the formal description of circannual rhythms (Aschoff, 1980; Gwinner, 1977 Gwinner, , 1986a ).
An appropriate evaluation of the biological significance of the circannual photoperiodic response system, however, requires more adequate photoperiodic manipulations. Since sinusoidal photoperiodic cycles of the type employed in the experiment in Figure 4 are never experienced by free-living garden warblers, the results can hardly be used to predict or explain the seasonal patterns observed in nature. For this reason, it is necessary to determine the responses to those photoperiodic conditions that are encountered by free-living individuals. The wintering range of the garden warbler, for example, extends from about 10°N to about 20°S (Fig. 1, left) . Thus there is considerable variability in the photoperiodic conditions to which the species is exposed (illustrated in Fig. 5 ). This raises the question: What is the fate of a bird that spends the winter close to the equator as compared to a bird that happens to spend the winter south of it (e.g., at 20°S)? Figure 6 summarizes results of an experiment in which two groups of garden warblers were held under photoperiodic simulations normally experienced by birds wintering at these two latitudes. The appropriate performance of the birds exposed to the 0° photoperiodic simulation once again emphasizes the significance of the FIGURE 4. Changes in testicular width (line connecting dots) and occurrence of molt (black bars) and migratory restlessness (shaded bars) in garden warblers (Sylvia borin) exposed to the two photoperiodic conditions shown by the dashed lines. Horizontal lines at the bars represent standard errors of the means; vertical lines at the curve points represent standard errors of the means (upper panel) or ranges (lower panel). Adapted from Gwinner (1987b) . spontaneous endogenous component: In spite of the fact that photoperiod was constant from early November onward, the birds went through the characteristic sequence of fall Zugunruhe and winter molt, and subsequently commenced a gonadal cycle and spring Zugunruhe. Exposure to the 20'S photoperiod clearly accelerated the progress of events: Fall Zugunruhe ended earlier, molt started earlier and was of shorter duration, and both spring migratory restlessness and gonadal growth began earlier than in the group of birds exposed to equatorial photoperiodic conditions (Gwinner, 1987a) .
This acceleration of the system by long photoperiods most probably has functional significance. Those individuals of a population that migrate further south in autumn have a longer distance to travel the subsequent spring. If they are to return in time and be successful in the competition for mates and nest sites, it is important for such birds to start homeward migration and the accompanying gonadal growth earlier and to complete the preceding winter molt earlier than birds that winter further north. There are indeed data indicating that winter molt in garden warblers (Gwinner, unpublished results) and spring migration in other species (Curry-Lindahl, 1963 begin earlier in more southerly-wintering birds than in conspecifics win- tering further north. The results in Figure 6 suggest that this biologically significant acceleration of the system by long photoperiods results from appropriate phase advances of the circannual system in response to long photoperiods.
Another important aspect is that, despite this considerable acceleration of the system, a reproductive cycle is not induced in the wintering area. The gonads stay inactive until after the winter solstice, although the photoperiodic changes experienced by a wintering bird in the Southern Hemisphere are similar to those that allow or stimulate a reproductive cycle half a year later in the breeding area. The slight gonadal growth that commences in January and February is subsequently inhibited by the decreasing photoperiods and presumably continues only after the birds encounter increasing photoperiods further north on their homeward migration. Hence, although the garden warbler's circannual system does respond to long Southern Hemisphere photoperiods with a phase advance, this phase advance is too small to allow a reproductive cycle in the south. Figure 7 provides further insight into the nature of this slow responsiveness to long days. In this experiment, male and female garden warblers were transferred in November, February, and April from a constant equatorial to a long 15-hr photoperiod characteristic for a midsummer day at 20°S. The gonadal response of the birds exposed to long days in November was only marginal, and spring migratory restlessness and molt began long after the transfer. The gonadal response of the birds transferred to long days in February was more intense, and both spring Zugunruhe and molt started soon after the transfer. A further increase in amplitude and duration of the gonadal cycle, as well as a further shortening of the interval between the transfer and the onset of molt and spring Zugunruhe, occurred in the birds exposed to long days in April. These results suggest that the response of gonadal growth to long photoperiods increases spontaneously with time in a constant equatorial photoperiod. Initially, in November, most birds are still refractory to the stimulatory effects of a long 15-hr photoperiod, but subsequently there seems to be a spontaneous and gradual transition from the refractory to the photosensitive state. During that time the birds become increasingly sensitive to the stimulatory effects of long days. The time constants of this transition apparently prevent a reproductive cycle in the Southern Hemisphere, but photoperiod still modifies the system in a way that allows for spring migration to begin at the appropriate time. In other words, the rhythm responds to daylengths in such a way that an optimal adjustment to season and latitude is achieved (see Gwinner et al., 1988, and Gwinner, in press, for details).
The data summarized in Figures 6 and 7 also illustrate a second principle by FIGURE 7. Changes in the diameter of the largest ovarian follicle (lines connecting dots) and occurrence of molt (black bars, primaries and secondaries; open bars, body plumage) and migratory restlessness (shaded bars) in three groups of garden warblers (Sylvia borin) moved at the three times (1, 2, 3) indicated by arrows from a contant equatorial to a 15-hr photoperiod. Horizontal lines at the bars and vertical lines at the curve points represent standard errors of the means. Adapted from Gwinner et al. (1988) .
which temporal adaptation to the environment can be achieved-namely, that of biologically meaningful internal phasing among various rhythmic functions. It is obvious that, in both experiments, an advance in gonadal development was accompanied by a corresponding advance of spring Zugunruhe. This suggests that, in nature, those birds that start gonadal development earlier in a more southerly wintering area also begin homeward migration earlier. Hence, they are carried homeward by their migratory drive before their gonads have fully matured. Apparently, gonadal activity and Zugunruhe are internally coupled, and this may be a second mechanism that prevents reproduction in the south.
PHOTOPERIODIC LIMITATIONS TO THE EXPRESSION OF CIRCANNUAL RHYTHMS
Although all the garden warblers exposed to the 20°S photoperiodic simulation in the experiment illustrated in Figure 6 showed approximately the same gonadal re-sponses, the patterns of migratory restlessness were distorted in at least three of the birds. They showed no clear separation between autumn and spring phases of nocturnal activity. Moreover, in another almost identical experiment, two out of six male garden warblers did not initiate a new gonadal cycle, whereas a third bird responded to the increasing photoperiod with full gonadal growth in December and January (Gwinner, in press ). The arrest of circannual rhythms in some birds indicates that a 20°S photoperiodic simulation may be close to the limits of photoperiodic conditions to which garden warblers from our German population can respond in a biologically meaningful manner. In fact, banding recoveries suggest that the normal wintering area of garden warblers from our population is north of 20°S (Zink, 1973) . The normal progress of seasonal events may indeed become heavily disrupted and even arrested if birds are exposed to photoperiods that they do not normally experience. This is suggested by results obtained from collared and pied flycatchers. These two species have overlapping breeding areas in southern Germany, but their wintering areas differ widely (Fig. 1, middle, right) . Collared flycatchers spend the winter in tropical and southern Africa, presumably mainly south of the equator to 20°S. Pied flycatchers, in contrast, have a wintering area in western Africa north of the equator, from approximately 5°N to 12°N. To investigate the effects of winter photoperiod on these two species, groups of collared and pied flycatchers were exposed in winter to photoperiodic simulations characteristic of wintering grounds at 10°N, 0°, and 20°S, respectively. Figure 8 indicates that the collared flycatchers showed relatively normal patterns of gonadal development, molt, and Zugunruhe in all three conditions. As with garden warblers, there was a tendency for prenuptial molt and gonadal development to be advanced in the more southerly photoperiodic simulation, although such a tendency was not apparent with regard to the onset of spring Zugunruhe (possibly due to the fact that photoperiodic simulations were not adequate during that time). The pied flycatchers, in contrast, showed a normal pattern only in the 10°N photoperiodic simulation characterizing its normal wintering area. In the equatorial simulation, only a few birds molted, and none showed gonadal growth or Zugunruhe. In the 20°S photoperiodic condition, finally, there was neither molt, gonadal growth, nor Zugunruhe. A supplementary experiment with pied flycatchers indicated that the failure of the birds of the latter two groups to continue rhythmicity in the 0° and 20°S simulations was due to their failure to terminate refractoriness in photoperiods that long. Transfer of birds from an equatorial photoperiod to a short 8-hr photoperiod restored their capacity to respond to long days, so that gonadal growth occurred when the birds were returned to the 12-hr photoperiod after 4 weeks of short-day exposure (Gwinner, 1989) .
In summary, these results indicate that the photoperiodic response system of these two species of long-distance migrants is adjusted in a subtle and speciesspecific manner to the photoperiodic conditions prevailing in their respective wintering areas. The collared flycatcher, as the species that has invaded the more southerly wintering area with its longer winter photoperiod, is capable of terminating refractoriness under longer photoperiods than the pied flycatcher, which winters further north. In the latter species, rhythmicity stops if the photoperiod is too long. hypoleuca, right), exposed to the photoperiodic simulations shown in the upper two diagrams. Horizontal lines at the bars and vertical lines at the curve points represent standard errors of the means. Adapted from Gwinner (1989) . The photoperiodic response system of the collared flycatcher is less susceptible to photoperiodic stimuli than that of the garden warbler, in the sense that the different photoperiodic conditions prevailing at different latitudes in winter have only marginal effects on the phasing of its annual cycles. Perhaps this relates to the fact that the wintering area of the collared flycatcher is more restricted than that of the garden warbler, so that adjustment to different latitudinal conditions is not required.
CONCLUSIONS
The results summarized in this paper have shown that an evaluation of the adaptive function of circannual rhythms requires a detailed analysis of their interactions with environmental factors, particularly those that play a role as zeitgebers. Zeitgebers synchronize circannual rhythms by correcting their period, but the detailed way in which entrainment is achieved in nature may reflect selection pressures different from those related to crude period control. The spontaneous sequence of events that occurs in garden warblers during winter and early spring is accelerated by long photoperiods, and hence spring migration and the accompanying gonadal development begin earlier in individuals wintering further south. This may be highly significant, as it may enable the birds to return to their breeding grounds concurrently with conspecifics wintering further north. In summer and early fall, in contrast, short rather than long photoperiods speed up the system. In first-year warblers, for instance, postjuvenile molt and the ensuing onset of fall migratory restlessness occur earlier in shorter than in longer photoperiods. This is significant, as it insures that birds from late clutches, growing up under shorter photoperiods, are ready for fall migration at an earlier age and consequently at about the same date as birds from earlier clutches (Gwinner, 1986b) . These and other examples show that endogenous programs and exogenous synchronizing agents constitute a functional entity that provides as a whole for adaptive temporal programming. To understand the adaptive nature of this entity requires the analysis of the interactions between both groups of factors (Gwinner and Dittami, 1986) .
On the basis of this concept, it can almost be predicted that avian circannual systems function properly only in the range of zeitgeber conditions that are normally encountered by an organism. The flycatcher examples presented in the preceding section have indeed shown that rhythmicity continues only if the photoperiod in winter is as short as or shorter than that normally encountered by the species. If the photoperiod is too long, photorefractoriness is not terminated and the rhythm becomes arrested.
That zeitgeber stimuli may set limits to the expression of biological rhythms in constant conditions has been well known for many years. Aschoff (1960) proposed using the term &dquo;nonpermissive conditions&dquo; for all those conditions in which an oscillation does not run. However, in spite of the fact that in both circannual and circadian rhythms many (and sometimes most) conditions are nonpermissive, attention has usually been focused only on the behavior of the oscillations in the often very narrow range of permissive conditions. Although this focus is justified as long as one is purely interested in the mechanisms underlying the self-sustaining nature of the rhythm, it may be irrelevant or misleading if one is interested in its adaptive function.
Indeed, in the search for the adaptive significance of circa-rhythms, an analysis of the environmental constraints on the expression of rhythmicity may be more rewarding than an investigation of the mechanisms that sustain it under a few limited conditions. In the European starling, for instance, a circannual rhythm in gonadal size and molt persists only in a 12-hr photoperiod, but becomes arrested in photoperiods only half an hour longer or shorter than 12 hr . Starlings experience a 12-hr photoperiod only during very few days around the spring and fall equinoxes, and one can therefore argue that the performance of starlings held chronically in a 12-hr photoperiod may provide little insight into the adaptive nature of the system. Indeed, it may be more rewarding to study the properties of the system in the longer or shorter photoperiods that prevail in the life of a starling even if the system becomes eventually arrested in these conditions. The self-sustaining nature of the system in a constant 12-hr photoperiod may be the epiphenomenon of a mechanism that serves other functions, and may by itself have no functional meaning whatsoever. In general, then, these considerations lead to the conclusion that treating annual control mechanisms as self-sustaining oscillations may be appropriate in some cases and for some purposes, but not in or for others.
